This investigation deals with the effect of growth temperature on the growth behavior of Fe filled multiwalled carbon nanotubes (MWCNTs). Carbon nanotube (CNT) synthesis was carried out in a thermal chemical vapor deposition (CVD) reactor in the temperature range 650-950 1C using propane as the carbon source, Fe as the catalyst material, and Si as the catalyst support. Atomic force microscopy (AFM) analysis of the catalyst exhibits that at elevated temperature clusters of catalyst coalesce and form macroscopic islands. Field emission scanning electron microscopy (FESEM) results show that with increased growth temperature the average diameter of the nanotubes increases but their density decreases. High-resolution transmission electron microscopy (HRTEM) studies suggest that the nanotubes have multi-walled structure with partial Fe filling for all growth temperatures. The X-ray diffraction (XRD) pattern of the grown materials indicates that they are graphitic in nature. The characterization of nanotubes by Raman spectroscopy reveals that the optimized growth temperature for Fe filled CNTs is 850 1C, in terms of quality. A simple model for the growth of Fe filled carbon nanotubes is proposed.
Introduction
Research on carbon nanotubes has been extensively carried out in the past few years because of its prospects in basic science and its potential in many technological applications. Owing to their unique mechanical, electrical, thermal, optical, and chemical properties [1] , CNTs have become the center of attraction in the field of nanoscale research and are expected to impact key industrial sectors such as nanoelectronics [2] , biotechnology [3] , and thermal management [4] . Various synthetic methods have been developed for the production of CNTs, including arcdischarge [5] , laser ablation [6] , pyrolysis [7] , and plasma enhanced [8] and thermal [9] CVD. In the last few years, CVD has been the preferred method among different methods because of its potential advantage to produce a large amount of CNTs growing directly on a desired substrate with high purity, large yield, and controlled alignment, whereas the nanotubes must be collected separately in the other growth techniques. Depending on the final application, thermal CVD could be even more desirable than plasma CVD because thermal CVD processes are more economical, suitable for large-area, irregular-shaped substrates, and multiple-substrate coatings [10, 11] . Prior to the synthesis of CNTs by CVD, high-temperature hydrogen treatment of the catalyst is an important step in order to produce contaminationfree catalyst particles and for the removal of oxides that may exist over the catalyst surface [12] .
Another interesting aspect of the CNTs is their cavity, which can be used to incorporate metal clusters in order to generate novel nanostructured materials with new electronic or magnetic properties as a consequence of the large surface-to-volume ratio of the confined materials and the interaction between the confined materials and the inner walls of the nanotube [13, 14] . Apart from the geometrical advantage of a cylindrical-shaped nanostructure design, the carbon shells provide an effective protection against the oxidation of the confined metals and ensure their long-term stability at the core. Magnetic metal encapsulated CNTs have extended the potential applications to magnetic force microscopy [15] , high-density magnetic recording media [16] , and biology [17] . Different filling methods in CNTs including capillary incursion [18] , chemical method [19] , arcdischarge [20, 21] , and CVD [22, 23] have already been reported.
But the processes are costly since they usually require a two-stage system and rigorous control of parameters such as decomposition temperature, heating rate, precursor ratio, etc. The synthesis of filled CNT by a simple one-stage process still remains a major challenge.
Carbon nanotube properties and, consequently, their potential applications strongly depend on the CNTs structural characteristics such as diameter, filling of core or presence of defects. Thus, a very strict control of the experimental parameters is required during the CNT production. But unfortunately, despite tremendous progress in synthesizing CNTs, reports on the systematic comparative study of the growth temperature effect on the filled CNTs are still relatively scarce.
In this paper, we report the results of systematic experiments to study the dependence of nanotube structure on growth temperature for partially Fe filled MWCNTs synthesized from iron using the atmospheric pressure chemical vapor deposition (APCVD) technique. AFM analysis was performed on the Fe films, before and after the heat treatment to observe the resultant change in catalyst surface. The morphology, internal structure and degree of graphitization of carbon nanotubes were investigated using FESEM, XRD, HRTEM, and Raman spectroscopy. To achieve controllable growth of the CNTs, an understanding of their growth mechanism is of importance. Hence, we have also explained the method of partial Fe filling in terms of a growth model that emphasizes the role of the capillary action of the liquid-like iron particles that exist at the time of nanotube nucleation.
Experimental procedure
Synthesis of Fe filled CNTs was carried out by catalytic decomposition of propane on Si(111) substrates with Fe catalyst in a hot-wall horizontal CVD reactor using a resistance-heated furnace (ELECTROHEAT EN345T). The Si(111) substrates were ultrasonically cleaned with acetone and deionized water prior to catalyst film deposition. A thin film of iron (thickness $20 nm) was deposited on the substrate by a vacuum system (Hind Hivac: Model 12A4D) with a base pressure of 10 À 5 Torr. The substrates were then loaded into a quartz tube furnace, pumped down to 10 À 2 Torr and backfilled with flowing argon to atmospheric pressure. The samples were then heated in argon up to the growth temperature following which the argon was replaced with hydrogen. Subsequently, the samples were annealed in hydrogen atmosphere for 10 min. Finally, the hydrogen was turned off; thereafter propane was introduced into the gas stream at a flow rate of 200 sccm for 1 h for CNT synthesis. The synthesis of Fe filled CNTs was performed at 650, 750, 850, and 950 1C.
An AFM (Nanonics Multiview 1000 TM ) system was used to image the surface morphology of the Fe layer before and after the heat treatment with a quartz optical fiber tip in intermittent contact mode. Samples were also characterized by a Philips X-ray diffractometer (PW1729) with Cu source and y-2y geometry to analyze the crystallinity and phases of grown species. FESEM (ZEISS SUPRA 40) and HRTEM (JEOL JEM 2100) equipped with an energy dispersive X-ray (EDX) analyzer (OXFORD Instruments) were employed for examination of the morphology and microstructure of the CNTs. The sample preparation for high-resolution transmission electron microscopy study was done by scraping the nanotubes from Si substrates, dispersing them ultrasonically in alcohol and then transferring them to carbon-coated copper grids. Raman measurements were carried out at room temperature in a backscattering geometry using a 488 nm air-cooled argon laser as an excitation source for compositional analysis. The Raman spectrometer was equipped with a TRIAX550 single monochromator with a 1200 grooves/mm holographic grating, a holographic super-notch filter and a Peltier-cooled CCD detector. Fig. 1(a) shows the AFM image of the surface profile of the asdeposited Fe film on a Si(111) substrate. The AFM image reveals that the initial film consists of tiny clusters with RMS roughness 3.3 nm. This indicates that the catalyst deposition proceeds via island nucleation and coalescence [24] . Fig. 1(b-e) show the tapping mode AFM images of the surfaces of Fe films after being annealed at 650, 750, 850, and 950 1C in hydrogen. It can be observed that the heat treatment caused the formation of larger islands due to the coalescence of clusters and creates a relatively rough surface. The RMS roughness of the films annealed at 650, 750, 850, and 950 1C are 5.6, 6.7, 9.5, and 10.6 nm, respectively. The coalescence of clusters and formation of macroscopic islands are based on cluster diffusion, which terminates when the island shape is of minimum energy for the specific annealing conditions [25] . The surface diffusion of the clusters increases upon increasing the annealing temperature and in result the sizes of the islands become larger but their density decreases as observed in Fig. 1(b-e) [26, 27] . The cluster size plays a critical role in CNT growth.
Results and discussion
FESEM was employed for the analysis of the morphology and density of Fe filled CNTs. Fig. 2(a-d) show the FESEM images of carbon nanotubes synthesized at 650, 750, 850, and 950 1C. The CNTs were synthesized on the Si(111) substrates using iron catalyst and the high-aspect ratio nanostructures had randomly oriented spaghetti-like morphology in all the cases. The average diameter of CNTs increases from 25 nm at 650 1C to 77 nm at 950 1C as summarized in Table 1 , while the density of the CNTs decreases. With the increase in the growth temperature, the migration rate of iron nanoparticles on the Si surface increases, resulting in significant agglomeration of iron nanoparticles. Consequently due to this agglomeration, at higher temperatures during the thermal CVD process, the size of the iron nanoparticles increases but their density decreases [28] , which eventually govern the diameter and density of the grown nanotubes. Fig. 2(e) shows a higher magnification image of the CNTs grown at 750 1C.
For the compositional analysis of the grown species EDX and XRD were performed. Energy dispersive X-ray ( Fig. 3(a) ) shows that the material contains carbon and iron only, whereas the Si peak is originated from the substrate. In the X-ray diffraction pattern (Fig. 3(b) ), the peak at 26.21 is the characteristic graphitic peak arising due to the presence of MWCNTs in the sample. The peak near 43.71 is attributed to the (1 0 1) plane of the nanotube and the peak at 44.71 is from the a-Fe phase (JCPDS Card no. 06-0696). The peak at 28.41, however, is not from the CNTs and is attributed to the (111) plane of the Si substrate. The XRD pattern confirms the presence of MWCNT, Fe, and Si, which is in agreement with the EDX analysis.
HRTEM was used to characterize the growth morphology and structure dependence of the nanotubes on the growth temperature. Fig. 4(a-d) show the HRTEM images of CNTs synthesized at 650, 750, 850, and 950 1C and illustrate that the nanotubes produced at all the four temperatures are multi-walled. HRTEM studies also reveal that the MWCNTs were produced by the tip growth mechanism, since the catalyst nanoparticles are always encapsulated on the nanotube closed tip (Fig. 4(a-d) ). Careful observations show the presence of few elongated nanoparticles encapsulated inside the nanotubes, which demonstrates the hollow nature of the nanotube deposited using iron. Selected area electron diffraction (SAED) pattern of the CNT encapsulated elongated nanoparticle shows spots due to (11 0) planes of iron (Fig. 4(e) ). The diffractions characteristic to the carbon nanotube (0 0 2) plane originating from the shielding graphitic layers are labeled. Typically, they consist of short arcs, rather than dots, because of imperfectly graphitized tubular walls. The EDX analysis (Fig. 4(f) ) of a CNT encapsulated metal nanoparticle shows the presence of Fe and Cu (from the TEM grid), indicating that the encapsulated particle is Fe. There was no evidence for the presence of Fe 3 C in the EDX (using TEM) analysis of encapsulated metal particles for all the samples.
To investigate the effect of the growth temperature on the crystallinity of graphite sheets, high-resolution images of CNTs were acquired. The HRTEM image of a carbon nanotube grown at 650 1C (Fig. 5(a) ) shows the wavy structure of graphitic sheets at short range. It is well known that the wavy structure is caused due to defects in the graphite sheet. However, the CNT grown at 850 1C (Fig. 5(b) ) has clear well-ordered and straight lattice fringes of graphitic sheets separated by 0.34 nm. HRTEM observations indicate that the crystallinity of CNTs improves as the growth temperature increases.
Raman spectroscopy provides more details of the quality and structure of the materials produced. The room-temperature Raman spectra obtained from CNTs that were grown at four different temperatures are shown in Fig. 6 . The Raman spectra show two main bands around 1360 cm À 1 (D band) and around 1585 cm À 1 (G band), which indicates the presence of MWCNTs. The strong band around 1585 cm À 1 , which is referred as the G band, corresponds to the E 2g mode, i.e. the stretching mode of the C-C bond in the graphite plane and demonstrates the presence of crystalline graphitic carbon. The D band at around 1360 cm À 1 originates from defects in the curved graphitic sheets, tube ends, etc. Beside the D and G band, the spectra of our sample also show another band at $ 1620 cm À 1 (for 650 and 750 1C), which appears as a shoulder on the G band and is called D 0 band. This band accounts for the structural disorder. Like the G band of graphite, the D 0 band also corresponds to a graphitic lattice mode with E 2g symmetry [29] .
Though the D band and G band are present in all CNT samples, there is a difference in peak positions and also a variation in the intensity ratios of these two bands as a function of growth temperature as summarized in Table 2 . The observed up-shift of the G band for the nanotubes deposited at 650 and 750 1C temperature can be explained in terms of an overlapping of the G band and D 0 band, and a single fit to G +D 0 feature gives a net increase of G band position [30] . This suggests that the graphitic carbon films deposited at 650 and 750 1C temperature consist of more disordered structure. The up-shift of the D band in these films can be interpreted as the signature for the increase of disorder in the graphitic structure in accordance with the similar observation from other carbon-based films [31] . It is well known that the I D /I G ratio is dependent on the quality of carbon nanotubes and that the D band intensity is also related to the amount of amorphous carbon and defects [32, 33] . The highest value of I D /I G obtained for CNTs grown at 650 1C indicate that the tubes grown at this temperatures are more defective as compared 
Table 1
The diameter distribution and averaged diameter of CNTs grown on iron catalyst using thermal CVD of propane at 650, 750, 850, and 950 1C. On the basis of the aforementioned experimental results, it can be observed that the as-deposited Fe film contains small clusters indicating Volmer-Weber growth. After high-temperature annealing, the size of the clusters increases but their density decreases. This surface modification occurred due to the increase in the surface diffusion of Fe particles, which depends on growth temperature. With the increase in growth temperature, the surface diffusion of Fe particles over Si substrate increases, resulting in agglomeration of small clusters that eventually produce larger clusters but with a lower density. The density and size of the clusters govern the growth morphology of the CNTs. With the increase in growth temperature the crystallinity of the graphitic sheets also increases and this is responsible for the increase in the degree of graphitization of the CNTs. In all the cases, the catalyst nanoparticles are found both within and at the tip of CNTs, suggesting the tip growth mechanism.
For the synthesis of metal filled CNTs, several authors have used a floating catalyst technique [22, 23, 34, 35 ], but we have used a fixed catalyst. In our case, the growth model of partially Fe filled CNTs can be explained by the phenomenon of reduction of the melting point of a material with reduction of its size [36] [37] [38] . This indicates that the Fe nanoparticles are in a liquid state during the decomposition so that they can easily dissolve the carbon and also diffuse into the nanotube cavities by nanocapillarity [18, 39, 40] , leading to the formation of partially Fe filled CNTs.
Conclusions
To summarize, we have investigated and optimized the iron catalyzed CVD growth of partially Fe filled CNTs on Si substrates with respect to growth temperature. We find that the average diameter of CNTs increases with growth temperature from 650 to 950 1C, but the density decreases. Moreover, the crystallinity of the CNTs improves progressively with increasing growth temperature up to 850 1C, which is the optimum growth temperature in our case. The results demonstrate that the growth density, diameter and crystallinity of partially Fe filled MWCNTs can be effectively controlled and optimized by adjusting the growth temperature and their growth occurs primarily by the tip growth model based on the capillary action of the liquid-like iron particle. 
